Monitoring long-term climate change in the Polar Regions relies on accurate, detailed and repeatable measurements of geophysical processes and states. These regions are among the Earth's most vulnerable ecosystems, and measurements there have shown rapid changes in the seasonality and the extent of snow and sea ice coverage.
Introduction
Much work in recent years has been dedicated to tracking the Earth's decreasing ice 20 cover. As reported in the 2012 Arctic Report Card , the Arctic experienced the largest recorded loss of sea ice extent from March to September of 2012. Historically, the month of March is when the maximum sea-ice extent is reached and September being the minimum. By the end of the recent summer melt season satellite records (active since 1979) indicated that September 2012 ice extent was the 25 lowest observed, falling 49 % below the 1979-2000 average minimum (Perovich et al., 4682 2012) . With increased ice melt, a transition towards a thinner, younger ice cover is occurring (e.g., Kwok, 2007; Maslanik et al., 2007) , and the formation of melt ponds on first-year sea ice reduces its albedo and increases the solar energy input and melt rate of the underlying ice (Polashenski, et al., 2008) . At the end of summer 2011, only 25 % of the Arctic sea ice was more than two years old, compared to 50-60 % 5 during the 1980s (Stroeve et al., 2012) . Almost none of the oldest and thickest ice (at least five years old) remains (3 % in February 2012 compared to 30-40 % in the 1980s) (e.g., Francis and Vavrus, 2012) . This shift from a multiyear to seasonal ice cover has significant implications for the heat and mass budget of the ice and for the Artic ecosystems.
Since launching in April 2006, the principal objective of the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) mission has been studying the climate impact of clouds and aerosols in the atmosphere (Winker et al., 2010) . The primary instrument aboard CALIPSO is CALIOP (i.e., the Cloud Aerosol Lidar with Orthogonal Polarization), a two-wavelength (532 nm and 1064 nm) polarization-15 sensitive (at 532 nm) elastic backscatter lidar . Recent work by Rodier et al. (2012) has demonstrated that, in addition to the cloud and aerosol parameters that make up CALIOP's standard suite of data products , the CALIOP daytime and nighttime measurements can also be used to infer ocean surface ice-water phase. Numerous studies have shown that lidar backscattering de-20 polarization measurements can be used to distinguish between liquid and solid phases of water in the atmosphere (Sassen, 1991; Intrieri et al., 2002; Hu et al., 2009) . In this study the depolarization ratio, δ, is defined as δ = β ⊥ /β , where β ⊥ and β are the are the backscatter intensities measured with respect to the polarization plane of the linearly polarized laser transmitter (Alvarez et al., 2006) . The parallel ( ) component of 25 the backscatter retains its original polarization state, while the so-called perpendicular (⊥) component does not (Gimmestad, 2008) . Here, analyses of collocated CALIPSO 532 nm ocean surface depolarization ratios and Advanced Microwave Scanning Radiometer -Earth Observing System (AMSR-E) 12 km resolution ice concentrations 4683 provide strong evidence for this relationship between surface echo depolarization and surface ice-water state. Seasonal variability of sea ice concentration and ice extent has been monitored by many of the A-Train satellites such as the AMSR-E, and the Moderate-resolution Imagining Spectroradiometer (MODIS). The finer resolution of the CALIPSO footprints (90 m diameter, spaced 335 m apart) and its ability to retrieve sur-5 face ice-water phase beneath moderate cloud cover (optical depths < 3) can provide detailed insights into sea ice formation and dissipation that will allow more accurate interpretation of the existing data sets, especially during the during the season transition months. Because CALIPSO's measurements are not limited to daytime or clear sky conditions, the CALIPSO sea ice product can provide "fill-in" measurements where 10 other data products are limited due to instrument characteristics or have the practice of masking land surfaces. Prediction models may also benefit from the finer resolution in discriminating ice boundaries.
Retrieval methodology
When the CALIPSO orbit transects surfaces covered by ice, be it land or ocean, the 15 backscattered signal intensity from the surface is very strong and will frequently cause digitizer saturation. This response will be very evident in the two 532 nm channels (parallel and perpendicular) at and immediately below the Earth's surface. When the signals from these channels are ratioed, the resulting depolarization values are in the range of 0.55-1.1. Conversely, when CALIPSO transects surfaces covered by water, 20 the signal intensity is substantially reduced, most especially in the perpendicular channel, and the resulting depolarization values typically lie between 0.0-0.2. As illustrated in Fig. 1 , it is this specific effect that enables the 532 nm depolarization data to be used for ice classification purposes. The left column of Fig. 1b backscatter from 2 km below the surface to 15 km above the surface. In each of the images the estimated surface elevation, derived from a digital elevation map, is displayed as a red line. Surrounding this red line, the saturated values appear as multi-layered "ribbon". The attenuated backscatter samples from this "ribbon" section will be used in the global assessment of ocean surface ice-water phase study. The right column of of meters (McGill et al., 2007) . Because identical detectors with essentially identical transient recovery behaviors are used on both 532 nm channels, highly reflective ice surfaces readily induce non-ideal transient responses in both 532 nm signal returns ). On the other hand, the darker, less reflective water surfaces (e.g., see Fig. 1f , g and h) generate substantially weaker backscatter returns, and thus the 20 effects of this non-ideal recovery are reduced to a negligible level. The 532 nm depolarized surface return is not reported in the existing CALIPSO data products, but instead is derived from the detected CALIOP surface echo every 335 m along track. The CALIOP surface detection algorithm Find_Data/Products_and_Data_Available/GTOPO30) digital elevation map (DEM) as the starting point in its search for the lidar surface echo. Whenever the ocean surface is detected, the altitudes of the top and the base of the surface echo are stored in and can be retrieved from the Level 2 CALIPSO layer data products. In our studies to date, 4685 the top and base altitudes have been retrieved from the Level 2 335 m Cloud Layer product, which is the highest resolution product produced by the CALIPSO team. We then inspect the corresponding Level 1 attenuated backscatter profile product, and retrieve the range-resolved 532 nm parallel (β (z)) and perpendicular (β ⊥ (z)) attenuated backscatter measurements from two consecutive altitude bins above the top altitude 5 of the surface spike to five altitude bins below the base of the surface spike, thereby compensating for possible detection errors in the CALIPSO standard algorithm and/or GTOPO30. These data are screened for fill values, integrated and ratioed, creating a surface integrated depolarization ratio, defined as follows:
10
When harvesting the Level 1 data, additional surface properties such as DEM altitude, International Geosphere/Biosphere Programme (IGBP) surface classification and National Snow and Ice Data Center (NSIDC) snow and ice coverage (re-averaged to CERES footprint ∼ 30 km) are retrieved as references. To quantify signal attenuation by clouds and/or aerosols above the surface measurements, estimates of the 1064 nm 15 column optical depths are calculated and stored on a shot-by-shot basis.
Assessment of the CALIPSO lidar surface return classification technique
Initial verification that the CALIPSO depolarization surface returns can be used to discriminate surface ice-water phase requires that each measured depolarization ratio be compared to a product that specializes in ice classification. We therefore have collo-20 cated each of the 335 m CALIPSO 532 nm depolarization measurements to the AMSR-E 12 km Level-3 gridded daily product AE_SI12. The colocation was achieved via a two-step process . Data was first collocated in time, and then in space. The CALIOP position information was used to find the best matching AMSR-Epixel. Once a match was found, a location offset from the CALIOP footprint was calculated and stored. Only samples with a longitude offset less than 0.11
• (approximately 12 km) were included in the retrieval. The AE_SI12 product includes daily averages for sea ice concentrations and snow depth over sea ice at a 12.5 km spatial resolution (Comiso et al., 2003) . From the AMSR-E data, the ice concentration, ice concentration 5 uncertainties, and snow depth are retrieved for comparative analysis and validation. The comparison data set was restricted to include only those calculated depolarization ratios between 0.0 and 1.2 for which the location of the CALIPSO footprint was within the bounds of the 12 km AMSR-E pixel. This consisted of 29,7 679 034 samples for the Northern Latitudes, for which 99 % of the depolarization ratios were between 0.0 and 10 1.2. Depolarization values normally do not exceed 1.0 unless the detectors receive a very strong signal return.
As an initial test of our concept we constructed a histogram using all 532 nm depolarization measurements that were collocated with AMSR-E classifications during 2010. All collocated samples classified by AMSR-E as water, open water, or ice with 15 an ice concentration greater than 30 % were retrieved and tested. Figure 2 illustrates a distinctive bimodal histogram with distributions from 0.0 to 0.2 and 0.55 to 1.1. Upon examination, we found that pixels classified as water by AMSR-E correlated to depolarization ratios in the range of 0.0 to 0.2 at a rate of 95.2 %, and pixels classified as ice correlated to depolarization ratios in the range of 0.55 to 1.1 at a rate of 98.0 %. 
Northern Hemisphere analysis
Using this newly-defined ice and water classification criteria, samples from July 2006 through September 2011 (i.e., the time period when CALIPSO and AMSR-E had coincidental measurements) were retrieved and grouped for additional testing. Each depolarization value was compared to its collocated AMSR-E pixel classification, generating 25 statistics for tracking the level of agreement for this classification methodology. First we looked at the consistency of the ice classification for samples in the northern latitudes. As seen in Fig. 3 , a seasonal trend is evident with the higher percentage of agreement 4687 in the winter months and a lower percentage of agreement in the transitional summerfall months. For 61 of the 63 months of our data sample, when AMSR-E classified the pixel as ice, the calculated depolarization values fell in the range of 0.55 to 1.1 at a rate of 90 % or higher. The two months that did not measure above 90 % agreement were August 2007, when the rate was 89.2 %, and September 2011, when the rate was 5 89.5 %.
Next we looked at the consistency of the water classification for samples in the northern latitudes. As seen in Fig. 4 , a seasonal trend is also evident, with a higher percentage of agreement in the winter months and a lower percentage of agreement in the summer months. For 51 of the 63 months, when AMSR-E classified the pixel as water, Though the summer and transitional months recorded the lowest percentage of scene classification agreement for both of the two classification test cases, it does 15 highlight the possibility of CALIPSO's depolarization values providing fractional scene classification. A maximum of 36 CALIPSO 335 m surface depolarization samples could fall within each 12 km AMRS-E pixel and provide additional information about sea surface classification. When examining the collocated records that indicated a mismatch for ice classification, it was found that 85 % of those records contain AMSR-E pixels 20 with ice concentrations in the range of 10 % to 80 % indicating a mix-phase scene of ice and water. When examining the non-matching collocated records for water classification it was found that 80 % of those records also contained ice concentrations in the range of 10 % to 80 %. The non-matching due to a mixed-phase scene was not unexpected. In this study our scene matching criteria required 100 % agreement be-25 tween the classification reported by AMSR-E and the newly-defined CALIPSO ice and water classification. It would not be expected that each of the 335 m CALIPSO samples collocated with a 12 km AMSR-E pixel have 100 % scene classification agreement, especially during the summer and transitional months.
Additional analysis was performed to determine if cloud cover contributed to the mismatch in scene classification. Data from the October 2009 ice classification data set was selected for the initial test. Of the 805 656 valid collocated samples in this subset, 94 % showed agreement between the CALIPSO and AMSR-E scene classifications. 40 % of these matching scenes contain one or more cloud layers, whereas 60 % of 5 the matching scenes were classified as clear sky. The remaining 6 % of October 2009 ice classification valid samples had been classified as non-matching with 68 % having clear sky and 31 % having one or more cloud layers. From our analysis, the prevailing reason for a mismatch in the scene classification is not due to cloud cover, but instead from attempting to match a 335 m CALIPSO sample to a 12 km AMSR-E pixel that is observing a mixed-phase scene. CALIOP's ability to 15 pinpoint the locations of pockets of water (newly formed melt ponds) in AMSR-E pixels classifies as ice (or, conversely, to locate chunks of ice in pixels that AMSR-E classifies as water) is illustrated in the July 2011 Artic circle plots (Fig. 5a and b) . Figure 5a represents the CALIOP footprints for July 2011 with depolarization values less than 0.2, and thus classified as water. Figure 5b is the AMSRE classification for 20 the collocated pixel. The AMSRE plot ranges from 100 % ice, seen in dark red, to zero percent ice, or water, which is represented as white. Of interest is the area between 120
• W to 120
• E where AMSRE indicates 90-100 % ice and CALIOP has detected water. CALOIP's detection ability would be an asset to the community for uncertainty analysis and detailed scene classification. 
Southern Hemisphere analysis
Next we looked at the consistency of the ice classification for samples in the southern latitudes. As seen in Fig. 6 , a seasonal trend is evident with the higher percentage of 4689 agreement in the winter months and a slightly lower percentage of agreement for the summer months of January and February. For 58 of the 63 months of our data sample, when AMSR-E classified the pixel as ice, the calculated depolarization values fell in the range of 0.55 to 1.1 at a rate of 90 % or higher. However February 2007 February , 2009 February , 2010 February , 2011 and January 2011, all austral summer months, had an agreement between 88 % 5 and 89 %. A seasonal trend is also evident when analyzing the agreement for water classifications Fig. 7 . a higher percentage of agreement is seen in the winter months and again a lower percentage of agreement for the summer months. For 37 of the 63 months, when AMSR-E classified the pixel as water, the calculated depolarization values fell in the range of 0.0 to 0.2 at a rate of 90 % or higher. For 58 of the 63 months the agreement was 85 % or higher. The season transition months, specifically November 2006 through 2011 showed the lowest agreement.
Water verification
Additional verification of the depolarization range for water classification was performed 
Summary
In this paper we describe a new application of the CALIPSO 532 nm attenuated backscatter data to provide additional observations in the Polar Regions. We have shown that the retrieval of the 532 nm surface depolarization provides an accurate classification of the sea surface scenes. This retrieval can be performed with samples acquired during the CALIPSO day and nighttime orbits, and with samples that contain one or more cloud layers.
The AMSR-E 12 km L3 ice concentration data products provided the standard for our comparison of the newly defined CALIPSO surface ice-water classification technique. After analyzing 63 months of collocated samples we found that our method accurately 10 classified the surface scene at a rate of 90 % or higher. We note that our success rate had a seasonal variance, with a higher percentage of matching during the height of winter and lowest during the summer and transitional months. This trend was especially noticeable during the summer of 2007 when the arctic experienced one of the largest melts in recent history. We believe that our scene classification methodology 15 produced from the 335 m footprint could be an asset during these transitional months. The ability to detect the changing ice-water composition at a finer detail would provide an enhanced detailed scene composition. Additionally, with CALIPSO's measurements not being limited to daytime or clear sky conditions it could provide a "fill-in" measurement where other data products are limited due to instrument characteristics or have 20 the practice of masking land surfaces. Prediction Models may also benefit from the finer resolution in discriminating ice boundaries. 
